Using optimized administration of 13 C-labeled glucose, the time course of the specific activity of glucose was measured directly by in vivo 13 C-NMR in the human brain at 4 Tesla. Subsequent label incorporation was measured at the C2, C3 and C4 positions of both glutamate and the well-resolved C2, C3 and C4 resonances of glutamine and at the C2 and C3 positions of aspartate. GABA was clearly observed for the first time in vivo, suggesting a substantial GABA turnover in the normal human visual cortex. Likewise, lactate C3 labeled with an estimated active pool size on the order of 0.5 mM. A model of cerebral glutamate metabolism is proposed which predicts that glutamatergic action ('neurotransmission'), pyruvate carboxylase flux, TCA cycle activity, glucose consumption and exchange across the mitochondrial membrane can be assessed simultaneously in the human brain. 
Introduction
Glucose is the main substrate used for energy metabolism by the normal human brain. Once transported across the blood-brain barrier, glucose is readily metabolized [1, 2] . Studies of nervous tissue have shown that label from glucose accumulates in the intermediates of glycolysis and of the TCA cycle, as well as in glutamate (Glu), glutamine (Gln), GABA, lactate (Lac), alanine (Ala) and aspartate (Asp) [3] [4] [5] [6] . The mechanism for label accumulation was attributed to active exchange reactions between amino acids and TCA cycle intermediates [7, 8] . The major excitatory neurotansmitter Glu [9] is present in the mammalian brain in high concentrations and is dynamically stored in vesicles [10] . To avoid excitotoxic nerve cell damage, the extracellular concentration of Glu must be maintained very low (F0.004 mM), which is achieved by efficient high-affinity transport primarily into glia.
Experiments have long suggested that cerebral metabolism is compartmentalized. Early radioisotope studies performed in animal brain between 1950 and 1970 in which an abnormal product-precusor relationship was observed between Glu and Gln led to the conclusion that cerebral metabolism is characterized by at least two compartments that differ by the size of the respective Glu pools [1] . These measurements have been recently extended using 13 C-NMR spectroscopy of brain slices [11] , extracts [5, 12, 13] and cell cultures [14] . Cellular compartmentation of metabolism has been further supported by the glial localization of Gln synthetase (EC 6.3.1.2) [15] , as well as pyruvate carboxylase (EC 6.4.1.1) [16] and by the observation that acetate uptake and metabolism takes place predominantly in astrocytes. In addition, glutaminase (EC 3.5.1.2) activity has been localized predominantly to the neuronal compartment [17] . Morphological evidence suggests that most Gln is normally located in astrocytes and glia, whereas Glu is located in the neuronal compartment, most probably in the neuropil [18] . Compartmentation of metabolism may also be present at the level of glycolysis, consistent with a predominantly glial glycolytic activity and oxidative metabolism being predominant in neurons, thus providing a further link between glial energy metabolism and neuronal activation [2] . In summary, most evidence supports the notion that the compartmentalized glial-neuronal metabolic relationship is essential to neurotransmission.
Most of the aforementioned evidence on cerebral metabolism has been derived from studies performed either on cell cultures, brain extracts or on cell preparations. It is unclear to what extent they reflect the physiologic situation present in vivo in the human brain, since several problems may limit the accuracy of these findings: (a) It is known that vesicles containing Glu are docked at the presynaptic membrane and are ready to release Glu almost instantaneously, which may happen during the finite time of any extraction process. (b) Cell cultures, on the other hand, have the drawback that the culturing process can influence gene transcription and protein expression and thereby lead to altered enzyme activities and cells in culture are removed from the important regulatory signals contained within the whole animal. Quantitation of relative activities of metabolic pathways from cell culture may thus not reflect the in vivo situation accurately. (c) Brain slices may have a hypoxic core, the neuronal connections are by design severed and may thus have altered rates of neuronal-glial metabolic trafficking. Finally, (d) fixation studies combined with immunochemical assays provide still images of cerebral compartmentation and do not allow investigation of the dynamic living system.
NMR is a powerful method to study tracer uptake in the in vivo brain [11, 19] . Different approaches and isotopes have been used, such as indirect 13 C and 15 N detection [20] [21] [22] [23] . When using 13 C-labeled substrate, direct 13 C-NMR detection can be a powerful analytical method to study complex metabolic interactions in cerebral tissue in vitro, in situ and in vivo [4, [24] [25] [26] [27] . Cerebral TCA cycle activity [7, 21] , mitochondrial exchange [8] , malateaspartate shuttle [28] and pyruvate carboxylase [5] have been studied using 13 C-NMR. Extensions of these methods to in vivo brain have been reported by only a few studies [6, 25] . Although 13 C signals can in principle be observed using heteronuclear correlation spectroscopy by detecting 13 C chemical shift evolution from the attached 1 H-, 13 C-NMR remains to date the only method that can reliably quantitate distinct signals from all Glu and Gln carbon positions noninvasively in a direct manner. Thus 13 C-NMR has excellent potential to study neurochemistry in humans. To date, only one study of cerebral Glu and Gln metabolism using localized 13 C-NMR has been reported in humans [6] . That study also observed in vivo homonuclear coupling in the glutamate molecule which was observed despite infusion of singly labeled glucose because of subsequent metabolism and label scrambling in the TCA cycle. 13 C-NMR has not been easy in vivo because of the increased chemical shift dispersion and inherently low sensitivity. The first proton decoupled 13 C-NMR of the human head was reported at 1.5 Tesla [29] , which showed amidst the presence of dominant lipid signals, glucose and glutamate resonances during 99% glucose infusions. Using higher order shimming and threedimensional localization methods, a study quantified localized glucose signals in the human brain at 2.1 Tesla using 50% enriched infusions [30] . Most recently, these studies were extended to the measurement of brain glucose using natural abundance 13 C-NMR at 4 Tesla [31] . The time courses of Glu and Gln labeling during 13 C glucose infusions reported in Gruetter et al. [6] were modeled to derive cerebral metabolic rates which provided the first assessment of cerebral glutamine turnover rates in humans [7] . The present study extends these observations to the simultaneous, but separate observation of all CH n , i.e. proton bound, carbon resonances of Glu and Gln. To achieve the necessary sensitivity, several limitations of 13 C-NMR had to be overcome, namely the low sensitivity, the demands on localization due to the large chemical shift displacement error and broadband decoupling. Some of these achievements have been recently described, based on natural abundance detection of many metabolites [31] [32] [33] .
It was the purpose of this study to further demonstrate that in conjunction with 13 C-labeled substrate such as 1-13 C glucose, most of the technical obstacles to routinely study human brain (and thus also animal brain) in vivo with 13 C-NMR can be overcome. In addition, we propose a simplified model describing glial-neuronal metabolism and test some of its predictions on the in vivo data obtained from the human brain.
Materials and Methods
A total of 4 subjects were studied after giving informed consent according to procedures approved by the Institutional Review Board. On the morning of study, the subject reported to the Center for Magnetic Resonance Research in the fasting state. In preparation for the clamp procedure, an intravenous catheter was placed antegrade in Gruetter/Seaquist/Kim/Uǧurbil each forearm and retrograde into a foot. The extremity into which a catheter was placed was warmed by preheated pads to arterialize the venous blood [34] . Somatostatin was infused into one arm vein at a progressively increasing rate up to 0.16 Ìg/kg/min to suppress endogenous pancreatic insulin and glucagon secretion [35] . 30 g of 99% enriched 1-13 C D-glucose (50% weight/volume; Isotech, Miamisburg, Ohio, USA) was infused into the other arm vein using a bolus infusion over 2-5 min. 70% 1-13 C D-glucose was infused thereafter at a variable rate adjusted to maintain target glycemia above 10 mM. Alterations in the glucose infusion rate were made based on the plasma glucose concentration measured on a nearby blucose analyzer (Beckman, Fullerton, Calif., USA) in blood samples taken from the foot vein every 3-5 min.
All studies used a 4 Tesla magnet with a 125-cm bore, equipped with a standard clinical body gradient coil and amplifier (Siemens AS25, Erlangen, Germany). The magnet and gradient system was interfaced with a spectrometer console (Varian, Palo Alto, Calif., USA) using a manufacturer-supplied interface board. Subjects were positioned supine on the patient bed above the surface coil. After coil tuning, magnetic resonance imaging was performed to determine localization for spectroscopy according to anatomical landmarks. Subjects wore earplugs to minimize gradient noise and were placed into the coil holder using cushions to minimize head movement. Shimming of the identified region of interest was performed using FASTMAP [36] , which resulted in water linewidths of 7-9 Hz.
To efficiently separate the proton (169 MHz) and the 13 C frequency (42.5 MHz) we used a three coil design where the circular polarized 1 H radiofrequency (RF) field was generated by two distinct coils driven by a quadrature hybrid. The 13 C coil was a single loop 7 cm diameter surface coil. This three coil design was recently described elsewhere [33] . To ensure further electrical isolation to enable 1 H decoupling during the data acquisition, the cable feeding the 13 C coil was filtered using a low-pass filter and the 1 H RF path was filtered using a 1 H bandpass filter. This arrangement ensured that insertion loss prior to the first amplification stage was at most 0.2 dB [33] . Observation of the FDA guidelines for power absorption was verified using methods and procedures presented in detail elsewhere [32, 33] . RF power for excitation, polarization transfer and decoupling was carefully calibrated using a small sphere containing 0.5 ml of 13 C-labeled formic acid placed at the 13 C coil center as described previously [see 32 and references therein]. These calibrations were used to ensure proper power settings for decoupling as well as to minimize RF power needed for the experiment.
Localization was performed on the longitudinal proton z-magnetization, which was transferred to the 13 C magnetization using polarization transfer, PRoton Excited Carbon-13 Image SElected in vivo Localized spectroscopyY, or PRECISELY [32] . For the current study, we replaced the 13 C part of the pulse sequence using a segmented 0° BIR-4 pulse [37] . Use of this pulse improved stability of the method in that the signal generated was much less dependent on spatial RF power precalibrations. Adiabaticity of the pulse sequence was verified using a cylindrical phantom consisting of 4-13 C glutamate placed into a bottle filled with a solution containing natural abundance equimolar NAA and Cr (10 mM). Spectra were analyzed using the peak fitting software algorithm supplied by the spectrometer software. To reduce variability, peak linewidths of 13 C-13 C doublets were set to that of the corresponding center peak and the fitted frequencies of the 13 C-13 C doublets were verified to be symmetric to the main resonance.
Preliminary fitting to multiple time courses was done simultaneously analogous to a recent report [8] , which permitted analysis of parameter covariance. Metabolite concentrations were assumed constant and the rate constants indicated were fitted. Fitting was based on coupled differential equations that were derived from the principle that the rate of label accumulation in a product P is given by
where it was assumed that multiple pathways (denoted by the substrates S i and the fluxes V i (in)
can form the metabolite P and that multiple reactions can use P as a substrate, with the corresponding flux denoted by V j (out) . Note that equation 1 is specific for a given carbon nucleus in a specific molecule: For instance, ·-ketoglutarate (·-KG) C4 receives label from acetyl-CoA and thus eventually from pyruvate C3, whereas ·-KG C3 receives label that previously passed through ·-KG C4. It is beyond the scope of this paper to present the derivation of the specific differential equations used in the calculations. Briefly, the following approach was used: (a) metabolic steady state was assumed, i.e. in equation 1 metabolite concentrations, such as S i or P, were assumed to be constant in time, as were metabolic rates, V; (b) all metabolic intermediates of glycolysis and TCA cycle were assumed to have a small concentration relative to the metabolic rate such that their effect on the labeling kinetics was ignored in the modeling; (c) lactate was assumed to be in fast exchange with pyruvate (Pyr) and thus replaced the latter; (d) that exchange of lactate across the cell membranes was fast such that Lac represents a single kinetic pool in brain [38] .
Results
The sensitivity afforded by the 4 Tesla field and by the PRECISELY pulse sequence was sufficient to measure the natural abundance brain glucose signal of the C2-C5 carbons in unlocalized spectra within 12 min and the concomitant measurement of the C1 resonance as shown in figure 1A . Using correction factors determined in a phantom with natural abundance glucose from the peak intensity at 76.6 ppm relative to the C1 position, the in vivo enrichment of glucose was calculated in the human brain in two studies 60 min after infusion start. The time course of plasma glucose and the brain glucose fractional enrichment, estimated from the steady-state value determined as above and then calculated from the brain 13 C signal divided by the plasma concentration is shown in figure 1B. The fractional enrichment achieved was highly reproducible and consistent with the increment of plasma glucose generated by the bolus method of 13 C glucose administration. The NMR measurement of fractional enrichment of glucose was assumed to represent fractional enrichment of brain glucose based on a relatively small contribution of blood signal (CBV is approximately 5%) and based on the observation that brain glucose signal closely mimics that of plasma glucose [39] , even when using no other localization means than the RF profile of the surface coil. Brain glucose enrichment and the concomitant increase of plasma glucose above baseline immediately following the 1-13 C bolus are tabulated in the first three columns of table 1. For such a short infusion time (2-5 min for bolus administration) the increment in plasma glucose produced with 99% enriched 1-13 C glucose allows to estimate the enrichment of plasma glucose, provided total body glucose consumption can be neglected over such a short time period.
The linewidths of glutamate ranged from 3 to 8 Hz in the in vivo spectra. A spectrum acquired 60 min after start of the infusion is shown in figure 2 . The bottom Table 1 . Measurement of the increment in plasma glucose (% of baseline value, measured at t 1 5-10 min) generated by a bolus injection of 99% enriched glucose, fractional enrichment measured in the brain by NMR and the doublet content of total signal intensity in glutamate; measurements are from the two studies shown in figure 
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Gruetter/Seaquist/Kim/Uǧurbil trace shows the spectral range covered by the CH n resonances of the amino acids. Distinct resonances from Glu C2-C4, Gln C2-C4 were clearly observed in all studies. In addition, the Glu resonances contain 13 C-13 C doublet resonances observed as doublets at the C3 and C4 position and as a downfield peak at the C2 position. The upfield peak of the Glu C2 13 C-13 C doublet overlaps partially with the Gln C2 resonance and generates a detectable downfield shoulder at the Gln C2 position. The relative doublet content of each Glu resonance varied in concordance with the slight difference observed in the brain glucose enrichment between the two human studies shown in table 1. We tentatively observed peaks about the Asp resonances, consistent with 13 C-13 C doublets also being observed in Asp. The relative intensity in Asp C3 was estimated to be comparable to those observed in Glu C4.
The spectrum in figure 2 shows that the GABA C2 resonance was clearly resolved from all Glu C4 peaks. In addition, an upfield shoulder of the natural abundance aspartyl NAA peak at 40.4 ppm was tentatively observed, consistent with the chemical shift of the GABA C4 resonance. Peak intensity of GABA C2 was estimated relative to Glu and found to be on the order of 5-10% indicating a metabolically active glutamic acid decarboxylase with a participating GABA concentration on the order of 0.5 Ìmol/g.
We further noted that the lactate methyl peak was readily observed in the human brain and appeared to be easily labeled by 13 C label derived from plasma glucose ( fig. 2 ). The intensity of this peak was estimated relative to the natural abundance NAA methyl peak at 22.7 ppm which corresponds to approximately 0.1 Ìmol/g 13 C concentration. Preliminary estimates of the minimum lactate pool size were obtained by dividing the 13 C lactate signal intensity by half the fractional enrichment of plasma glucose. The pool size of lactate was approximately 0.5 Ìmol/g which is comparable to the reported total lactate of 0.6-1 Ìmol/g in resting human brain [40] . Figure 3 illustrates the time course of the amino acid C2 resonances together with the NAA C2 peak. Stability of the NAA C2 signal measured at 54.0 ppm throughout this 2-hour measurement period is indicated by the open circles. Additional measurements over extended periods up to 6 h confirmed the impression that in the normal, human brain in vivo turnover of NAA may be very low. When allowing for a very conservatively estimated 100% increase in NAA signal from 0.1 to 0.2 Ìmol/g over 3 h, an upper limit for its turnover rate can be estimated at 0.03 Ìmol/g/h. Aspartate, however, labeled readily in all subjects studied. The plot in figure 3 shows that aspartate labeling leveled approximately 40 min after start of the infusion. This is consistent with malate-aspartate shuttle being the mechanism to exchange label with its partner (oxaloacetate) in the TCA cycle. Glutamate is likely to be transported by the same mechanism across the mitochondrial membrane as part of the malateaspartate shuttle.
A preliminary analysis indicated that labeling of Gln relative to Glu at the C2 position was 0.39 B 0.10 (mean B SD, n = 4) which was higher than that at the C3 position (0.18 B 0.03, p ! 0.05) and tentatively higher than at the C4 position (0.26 B 0.09). Gln isotopomers not being equal to those of Glu imply that pyruvate carboxylase flux is significant in the resting human brain. The C4 of glutamine labeled somewhat more slowly than the C4 of glutamate, consistent with an earlier report [6] . However, when plotting the time course of glutamine C2 against glutamate C2 such a delay in labeling was not apparent. These preliminary observations are also consistent with a substantial pyruvate carboxylase activity.
The data presented in figures 1 and 2 sampled rather large volumes in the occipital lobe of the human brain on the order of 100 ml. To evaluate the potential to extend these measurements to areas consistently and homogenously activated by focal activation, such as the human visual cortex, we acquired a time course from a 22.5 ml (3 ! 3 ! 2.5 cm 3 ) volume centered in the primary visual cortex. The time course of the Glu C4 can be readily observed, as shown in figure 4A . Extended periods of signal accumulation permitted assessment of the labeling of other metabolites such as Gln and Asp (fig. 4B ). The time course of Glu C4 corresponding to the stack plot in figure 4A is shown in figure 4C .
Discussion
The present study shows that the time course of label incorporation in vivo into cerebral glucose can be measured and that the sensitivity is sufficient to calculate in vivo fractional enrichment of glucose. Consistent results were achieved with a high enrichment of approximately 67% using a much simplified infusion protocol, as evidenced by figure 1B and table 1. To achieve a high fractional enrichment in the labeled precursor, glucose, in an economical manner, plasma glucose levels were increased in this study acutely, but modestly. Such small increases in plasma glucose are not expected to alter brain glucose metabolism rates nor transport rate constants over the time frame of the present study. Intracellular brain glucose is generally assumed not to be a regulatory factor for cerebral glucose metabolism, which is consistent with a tissue concentration well above the K m of hexokinase in human brain at euglycemia and above [30, 31] .
The present initial study further demonstrates that localized observation of 13 C label incorporation into all CH n groups of most major amino acids is possible in the human brain. In addition to the C4 of Gln, the C3 as well as the C2 of Gln have been easily resolved from the corresponding resonance of Glu, which represents a significant extension of previous studies [6, 25] , which did not report such a capability. Labeling of the Asp C2 and C3 resonances was readily observed in the present study ( fig. 2) as well as the three natural abundance CH n peaks of NAA.
The much improved sensitivity of the present study over previous reports is attributed mainly to the increased field strength as was previously documented using natural abundance 13 C-NMR [32] . In the present study, the higher magnetic field strength led to the in vivo observation of the GABA C2 resonance at 35.3 ppm, which may have been previously masked at lower field strength by overlap with the downfield part of the 13 C-13 C doublet at Glu C4. Finally, we note that label incorporation into lactate, another low concentration metabolite that is difficult to measure in the resting normal human brain even with 1 H-NMR spectroscopy [40] [41] [42] , was readily observed in this study using 13 C-NMR.
From these observations, several implications for the study of human cerebral neurochemistry can be drawn: First, the apparent stability of three NAA resonances during 13 C infusions lasting up to 6 h suggest that in the normal human brain, the N-acetylaspartate turnover rate is below 0.03 Ìmol/g/h. However, this may be different under pathologic conditions and remains to be further elucidated. Second, the GABA resonance was observed at 35.3 ppm after 1-13 C glucose infusion which is consistent with a metabolically active pool size of 0.5-1 Ìmol/g in the resting human visual cortex. The GABA pool size is comparable to total GABA concentration [43, 44] which suggests a very active flux through glutamic acid decarboxylase. Third, from the observation of significant 13 C-labeled lactate, we conclude that in the resting human brain, when oxidative metabolism is tightly coupled to glycolysis [45] , significant lactate metabolism is present, consistent with measurements of lactate readily crossing the blood-brain barrier [46] . This observation indicates that the necessary substrate concentration is present to drive lactate produced in glial cells to the neurons for oxidative metabolism [2] . Furthermore, the labeling of lactate from 1-13 C glucose suggests that plasma glucose is the major source of cerebral lactate, although it remains to be shown to what extent label incorporation occurs indirectly via, e.g., glutamate [3] .
Because of the scarcity of in vivo data, few studies have attempted to model in vivo time courses. Noteworthy exceptions are the reports by Mason et al. [7] modeling single-compartment Glu C4/C3 labeling kinetics in human brain [based on data reported in 6] and including the modeling of Gln C4 turnover. However, brain metabolism is clearly multicompartmental and extract studies have recognized this fact [e.g., 5, 12, 24] . Recently, an in vivo study has included the glial compartment [25] for modeling Glu C4 and Gln C4 label accumulation. Unfortunately, the model therefore was restricted to the measurement of TCA cycle flux (from Glu C4) and to separately calculating the rate of apparent neurotransmission (denoted in that paper flux from glutamate to glutamine, V gln ) from Gln C4.
The information content present in our spectra allows for additional information to be assessed. The information that can potentially be modeled based on such in vivo measurements is illustrated in figure 5 . Assuming rapid lactate transport across cell membranes, the glial and neuronal Lac pools have been lumped into one kinetic pool, thus allowing for one metabolic rate for glucose consumption to be modeled. In the TCA cycle, modeling can be extended significantly over previous studies of the brain: In addition to the capability of modeling Glu and Gln C4, the respective C3 and C2 resonances can be measured, thus allowing assessment of V PC and V x . The simultaneous observation of Glu resonances and of Asp suggests that the Krebs cycle and associated exchange reactions can be studied in the human brain at a level hitherto not possible: The mitochondrial exchange rate V x also describes the rate of exchange between Asp and oxaloacetate (OAA) and the measurement of Asp C2 and C3 is expected to further shed light on V x . Conversely, to evaluate the use of Asp in assessing TCA cycle flux, the time course was fitted to the Asp C2 label accumulation curve. Assuming Asp = 1 Ìmol/g and V x /V PDH 11 1 yielded for two studies 0.5*V PDH = 0.37 B 0.08 Ìmol/g/min, which was consistent with the value previously reported from Glu C4/C3 analysis under similar assumptions [7] . Fitting the model to the C4 resonances of Gln and Glu gave 0.5*V PDH = 0.43 B 0.03 Ìmol/g/min and V NT app = 0.32 B 0.09 Ìmol/g/min for the study shown in figure 3A . The model further predicts that if metabolic trafficking due to neurotransmitter release (indicated by glutamate and glutamine exchange and denoted by V NT app in fig. 5 ) is very fast compared to the glial metabolic rates, e.g. V PC , the rate and extent of labeling of Gln at steady state must be identical relative to the corresponding Glu position. The increased label at the C2 of Gln relative to Glu suggests that pyruvate carboxylase activity may be significant in the resting human brain, although its contribution appears to be small. Simulations performed at t = 60 min suggested relative label in Gln C2 elevated compared to C3 by approximately 80% is consistent with V PC /V NT app F0.25, i.e. 0.08 Ìmol/g/min. This value may appear high; however, in primary cultures of adult brain and astrocytes a rate of 1.2-1.8 nmol/mg protein/min was measured [16] . More studies combined with extensive modeling are needed and planned to further delineate the accuracy of our observations. Nevertheless, since pyruvate carboxylase is localized exclusively to glia and its activity can lead Fig. 5 . Proposed modeling of 13 C labeling observed in the human brain. Observed metabolite pools with the corresponding labeled position in the molecule indicated by the subscript are indicated in bold type. All other metabolites are assumed to be below 0.1 Ìmol/g and are assumed to have a negligible effect on labeling kinetics. Enzymes are heavily compartmentalized between glial type cells and neuronal type cells, such as pyruvate carboxylase, EC 6.4.1.1, whose flux is indicated by V PC , glutamine synthetase (EC 6.3.1.2, V syn ), glutaminase (EC 3.5.1.2, V NT app in neurons, V gase in glia). Glu and Gln are compartmentalized as well, with Glu predominantly neuronal and Gln predominantly glial. The excess carbon skeletons produced by V PC were assumed to result in Gln efflux (V efflux = V PC ). The measurement of ten labeling curves (three each for Glu and Gln, two for Asp and one each for glucose and lactate) can be used to determine the following five independent metabolic rates: the apparent rate of neurotransmission V NT app , mitochondrial exchange rate V x , neuronal TCA cycle rate, denoted V PDH , pyruvate carboxylase, V PC , and the glucose cerebral metabolic rate CMR glc .
to a different label distribution in glutamine than in glutamate, these results underline the potential of localized, in vivo 13 C-NMR to quantitate glial metabolism in vivo, whose quantitative contribution to total brain energy metabolism remains to be defined in vivo.
The present study was performed on human brain. Nevertheless, the 13 C-NMR localization methods described in this paper are extendable to in vivo animal brain studies, where the unrestricted use of RF power (SAR) permits uncompromised pulse sequence performance. We conclude that the presented methods to study in vivo cerebral metabolism permit a detailed study of in vivo neurochemistry and of several biochemical reactions and pathways. These measurements should be useful in understanding in vivo brain energy metabolism as well as metabolic trafficking in the normal brain, brain development and pathophysiological states such as neurodegenerative diseases, as well as stroke, epilepsy and hepatic encephalopathy.
